The paper presents a state of the art review of the anatomical and physiological foundations of awareness, consciousness, arousal and sleep phenomena and provides current definitions. We describe 20 th century discoveries that were milestones in the understanding of central nervous system function. Structures that are specifically involved in the quantitative and qualitative aspects of awareness are characterised here. We also describe the relationships between particular groups of neurons, their positive and negative feedback loops, and the neurotransmitters engaged in states of arousal and sleep.
Anaesthesiology is a medical specialty dealing with controlled modulation of the processes responsible for nervous system arousal. While our current knowledge of the basic physiology of consciousness is incomplete, key morphological structures involved in these phenomena have been delineated. Diagnostic tools for functional assessment of the nervous system have been available for nearly a century. Electroencephalography (EEG) was introduced in the 1920s and became the first diagnostic modality to enable subjective assessment of brain activity. Further milestones in investigations of the physiology of consciousness include the introduction of modern imaging techniques, including functional and spectroscopic magnetic resonance imaging, positron emission tomography and single photon emission tomography. These methods revealed the precise location of structures involved in generating brain arousal states, helped identify neurotransmitters, and estimated their metabolic activity. All these methods contributed to the development of a model of relationships between the brain structures that are responsible for shaping awareness.
DEFINITIONS: AWARENESS, CONSCIOUSNESS AND WAKEFULNESS
The notion of awareness is used in different contexts, most commonly referring to the highest level of human psychic development. Consciousness is defined as the capability to realise the experienced psychical phenomena. The classical description presented by William James in 1890 referred to the "consciousness of oneself and one's surrounding as well as capability of taking in and processing information coming from both the person's environment and from the body" [1] . Tadeusz Bilikiewicz used a metaphor to describe consciousness as the state of "maximal saturation of the stream of awareness" [2] . The notion of awareness (sensorium) therefore refers to the ability to experience various psychical phenomena. On the other hand, consciousness is the state of realising these phenomena. Consciousness is therefore the highest level of awareness. This hierarchy of psychical phenomena means that it is possible to be aware but not conscious. This is counterintuitive with respect to the currently used terminology, in which patients in a vegetative state are described as being conscious but not aware. Current knowledge allows us toput the respective terminology in order and to delineate the functional and structural grounds of the functional states of the brain. It is assumed that awareness is a functional state of the cerebrum with two identifiable components, each of which has its structural counterpart [3] . Arousal of the brain cortex is indispensable for awareness and is controlled by the activating part of the reticular formation. The degree of nervous system arousal is a quantitative component of awareness, referring to its intensity, which extends from coma (representing the lowest level of awareness), through intermediate states and up to a state of arousal (wakefulness). Transitions between these levels is gradual rather than stepwise and therefore the above-mentioned divisions are arbitrary. Higher levels of brain cortex activation facilitate the qualitative component of awareness, i.e, its content (features of awareness and the ability to experience psychical phenomena). A state of brain arousal is therefore indispensable for the qualitative component of awareness to occur and is controlled by the brain cortex and subcortical nuclei. The terminology is further complicated by multiple different meanings of some of the related terms that have been used. "Consciousness", although originating from the Latin conscios(awareness) can represent both "consciousness" and "awareness", although these notions are not synonymous as previously mentioned. "Awareness", on the other hand, most often refers to consciousness. These semantic pitfalls should not overshadow the significance of delineating the two components of consciousness corresponding to separate neuroanatomical regions.
ISOLATED BRAIN SPECIMENS AND NEUROANATOMICAL GROUNDS FOR AROUSAL STATE
In the 1920s Hans Berger for the first time identified two functional states of the brain based on the registered electrical waves. Two fundamental states were first identified: sleep, characterised by synchronous EEG waves, and wakefulness, with desynchronised EEG activity.
Rechtschaffen and Kales introduced a more complex classification in 1968. It includes the following brain functional states [4] : 1. Wakefulness, with desynchronised activity of low amplitude and high frequency, including β-(12−30 Hz) and α-wave patterns (8−12 Hz), the latter occurring at rest. 2. Non-Rapid Eye Movement (NREM) sleep, with four arbitrarily delineated stages depending on the proportion of slow wave patterns. 3. Rapid Eye Movement (REM) sleep, with an activity pattern reminiscent of the desynchronised function observed during wakefulness (paradoxical sleep).
In stage 1 of NREM sleep, the EEG displays mainly slow waves of 2-7 s -1 with high amplitude but not exceeding 75 μV. NREM stage 2 involves characteristic wave patterns, so-called sleep spindles (12-14 s -1 ) as well as K-complexes, sharp negative waves followed by a positive wave. Stage 2 is characterised by a lack of reactivity to stimuli (unresponsiveness). NREM stage 3 involves slow-wave sleep (2 s -1 , > 75 μV). This type of activity, so-called delta waves, also dominates in NREM stage 4 (> 50% of the cycle). During REM sleep, the brain cortex remains highly active (b and g rhythms), and ponto-geniculo-occipital waves can registered following arousal (activation of these structures). This phase is characterised by inhibition of motor neurons (activation of glycinergic intermediate neurons of the spinal cord, which inhibit α motoneurons), activation of the limbic system, increased autonomic activity and eye movements. The EEG pattern during REM is similar to that observed during a state of wakefulness, hence the name "paradoxical sleep". During the REM phase, the brain is isolated from motor neurons and does not respond to external stimuli, while the EEG is desynchronised, similar to the state of brain cortical arousal.
In the mid-1930s, the first isolated brain samples were obtained in animal studies with precise separation of the respective brain regions. A French scientist, Frederic Bremer, who was a pioneer of this study approach, hypothesised that an adequate level of sensory stimulation is required to sustain a state of wakefulness [5] . He cut through the brain stem at different levels, causing gradual deprivation of afferent stimuli to the brain cortex (deafferentation of cortex) to identify the key structures responsible for sustaining a state of wakefulness.
Experiments showed that survival of the isolated brain specimens depended on the time interval from the separation procedure. Complete loss of transition from synchronised to desynchronised EEG patterns was observed only during the acute phase. Later the isolated brain was able to partly compensate for the lack of activating signals from the brain stem, which depended on the level of physical separation and the phylogenetic level of the animal. Most importantly, experiments demonstrated that isolated brain retains a high level of plasticity because most functions that were initially lost could be recuperated, and the brain could essentially function in a normal way. "Essentially" reflects a simplification of brain function, represented by the registration of particular electrical waves only [6−10] .
Observation of isolated brain specimens in the acute phase led to the identification of two fundamental structures affecting EEG patterns. These structures are located at different levels in the brain stem, a "synchronisation centre" in the thalamus and a "desynchronisation centre" located in the upper pons. This principle of central nerve system functioning is universal, and can be applied to the human brain, after some simplification. As initially hypothesised, the level of cortical arousal depends on the amount of afferent stimuli coming from the cranial nerves, mainly the trigeminal nerve. In 1958 a group of Italian researchers from Siena led by Giuseppe Moruzzi demonstrated that a sustained state of wakefulness requires the function of a nucleus in the reticular formation, namely the anterior reticular nucleus of the pons [9] . Preserved activity of the hypothalamus turned out to be another limiting factor. The hypothalamus therefore plays a crucial role in the plasticity of the isolated brain specimens. This discovery was as important as the topographic identification of the centres regulating synchronisation and desynchronisation of brain cortex bioelectrical activity.
During the 1940s and 1950s, Lindsay et al. [11] registered EEG in animals after selective destruction of brain structures at the level of the midbrain and pons. They observed that the dorsal part of the midbrain and pons is responsible for EEG desynchronisation [11] .
These findings contributed largely to the notion of the ascending reticular system of the pons, which became fundamental for the study of functional neurology [12] . This theory was confirmed by observations of patients with locked-in syndrome caused by occlusion of the basilar artery, which resulted in infarction of the ventral pontine region [13, 14] .
The pons is composed of two neurophysiologically distinct structures, the ventral part containing ascending sensory pathways and pyramidal tracts that control voluntary movements, and the dorsal part, containing structures belonging to the ascending reticular system, which regulate the state of brain arousal.
The ventral portion of the pons is supplied by short branches of the basilar artery. The dorsal part receives blood through branches of the basilar artery and through branches of the upper cerebellar artery. The latter vessels continue to supply dorsal regions of pons in the case of occlusion of the main trunk of the basilar artery.
Due to this structure and organisation of the vascular supply, selective ischaemic injury occurs in the ventral pons when the central part of the basilar artery becomes occluded. This occlusion can result in isolated injury to the motor and sensory pathways as well as to the roots of the cranial nerves located in the ventral pontine region, whereas the dorsal pons remains functionally intact. The patient cannot perform any voluntary movements or control muscles but can still blink, move his/her eyeballs and remain aware, as a function of the ascending reticular system, located in the dorsal pons, which is retained.
RETICULAR SYSTEM
Based on the phylogenetic developmental level, the cerebrum can be divided into four functional parts that affect awareness: -brainstem (state of arousal -quantitative component of awareness; reticular system); -diencephalon (thalamus: coordinating functions of pons and brain hemispheres, modulating and gating incoming information to the cerebral cortex from sensory organs; hypothalamus: regulating sleep and wakefulness); -limbic system (affective behaviour); -cerebral cortex (qualitative component of awareness).
The state of arousal of the cerebral cortex is affected by two main neuroanatomical areas: the ascending reticular system, which is in the pons, and the cognitive system, located in the cerebral cortex and subcortical nuclei. These two regions communicate via the diencephalon, where ascending signals are processed. The hypothalamus plays a crucial role in the regulation of circadian rhythms and in the transition from wakefulness to sleep.
The reticular system extends throughout the medial part of the brainstem, into the medulla oblongata, pons, and midbrain (mesencephalon), up to the unspecific reticular nuclei of the thalamus. This name refers to neurons with multiple projections, which together create a complex network of high degrees of both convergence and divergence. Projection from the reticular system is extralemnisceal (outside of the main cerebral paths), nonspecific and diffuse. The projection extends into the cerebral cortex and medulla.
The reticular system is therefore divided into an ascending part, connected to sensory pathways (collaterals of all ascending pathways reach the nuclei of the reticular formation), and a descending part, connected to pathways regulating muscle tonus and activities of the adrenergic system. Both the ascending and descending parts of the reticular system have stimulatory and inhibitory components. The stimulatory component dominates, particularly in the ascending reticular system. Each receptive brain field receives two types of stimuli, a specific one (from specific sensory pathways), and a nonspecific one (originating from the reticular system). Blockage of each of these stimulatory pathways causes disturbances of perception [15] . Before stimuli reach the cortex, the reticular system first becomes activated, and this in turn primes the cortex for signal reception. The cortex lacks complete capacity for receiving sensory stimuli if nonspecific activation does not occur. The dual effect of the stimulus upon cortical cells is reflected by a primary potential (specific stimulus effect) and a delayed secondary potential (nonspecific stimulus effect).
The inferior part of the reticular formation forms the reticular nucleus of the medulla, while the superior part forms the intralaminar and reticular (nonspecific) nuclei of the thalamus. The reticular formation has multiple projections into the forebrain, medulla, brainstem and cerebellum, and contains nearly 100 nuclei. The most important of those are the raphe nuclei, locus coeruleus nuclei, pedunculopontine tegmental nucleus, magnocellular nuclei, pontine and thalamic reticular nuclei. A functional classification identifies three groups of nuclei: median column, medial column and lateral column, each of them having a specific function [16] . In brief, the median column activates the reticular system (having the function of internal generator-transformer), the medial column is a switch and modulator of sensory information and regulates muscle tonus, while the lateral column coordinates the function of vegetative centres.
The median column contains mostly serotoninergic neurons and includes raphe nuclei of the medulla oblongata, pons and midbrain. These nuclei and the pineal gland are the only sources of serotonin in the brain. The degree of central nervous system arousal correlates to the serotonin level.
The group of medial nuclei modulates sensory information and regulates muscle tonus. This area has both central and peripheral projections. The most important functional part of this structure is the ascending activating reticular system. Collaterals of all sensory pathways ascending to the brain reach the medial column of the reticular formation. The magnocellular nucleus is the biggest structure in this part of the reticular formation, giving rise to reticulospinal pathways, which regulate muscle tonus. The medial reticulospinal pathway begins in the pons, proceeds through the anterior medullary columns, and increases tonus in the extensor muscles through activation of γ motoneurons. Part of the magnocellular nucleus located in the medulla oblongata gives rise to the lateral reticulospinal pathway in the lateral medullary column, which inhibits the function of intercalated and motor neurons and decreases tonus in the extensor muscles. Nuclei of the medial column are the main components of the activating part of the reticular formation. In this area, neurotransmission is mediated by acetylcholine, noradrenalin and glutamate.
The lateral part of the reticular formation controls reflexes in the vasomotor centrum, neurogenic tonus in vessel walls, respiratory function, and coordinates functions of cranial nerves. This area regulates the autonomic nervous system, and includes areas traditionally referred to as vasomotor and respiratory centres.
The ascending reticular activating system (ARAS) is responsible for a sustained wakefulness state. It receives information from sensory receptors of various modalities, transmitted through spinoreticular pathways and cranial nerves (trigeminal nerve -polymodal pathways, olfactory nerve, optic nerve and vestibulocochlear nerve -monomodal pathways). These pathways reach the thalamus directly or indirectly via the medial column of reticular formation nuclei (magnocellular nuclei and reticular nuclei of pontine tegmentum). The reticular activating system begins in the dorsal part of the posterior midbrain and anterior pons, continues into the diencephalon, and then divides into two parts reaching the thalamus and hypothalamus, which then project into the cerebral cortex (Fig. 1) .
The thalamic projection is dominated by cholinergic neurons originating from the pedunculopontine tegmental nucleus of pons and midbrain (PPT) and laterodorsal tegmental nucleus of pons and midbrain (LDT) nuclei [17, 18] . The hypothalamic projection involves noradrenergic neurons of the locus coeruleus (LC) and serotoninergic neurons of the dorsal and median raphe nuclei (DR), which pass through the lateral hypothalamus and reach axons of the histaminergictubero-mamillary nucleus (TMN), together forming a pathway extending into the forebrain, cortex and hippocampus. Cortical arousal also takes advantage of dopaminergic neurons of the substantia nigra (SN), ventral tegmenti area (VTA) and the periaqueductal grey area (PAG). Fewer cholinergic neurons of the pons and midbrain send projections to the forebrain along the ventral pathway, bypassing the thalamus [19, 20] .
The descending reticular system modulates muscle tonus and is a part of the complex supramedullary system controlling body posture and voluntary movements. This network includes the reticular system and two extrapyramidal pathways, the rubrospinal and vestibulospinal pathways. The reticular system is integrated into this network via two extrapyramidal pathways, the medial (excitatory) and lateral (inhibitory) reticulospinal pathways. The medial (pontine-spinal) reticulospinal pathway is located in the anterior medullary column and terminates in the γ motoneurons of muscle spindles, regulating the activity of extensor muscles.
The dorsal reticulospinal (or bulbospinal) pathway begins in the magnocellular nucleus of the medulla oblongata, extending into the lateral column of the spinal cord, behind the corticospinal pyramidal pathway. It has dual (direct and indirect) inhibitory effects on α motoneurons of the extensor muscles. The indirect effect is achieved through stimulation of the segmental spinal mechanisms of muscle tone regulation. Fibres originating from muscle spindles excite α motoneurons and GABA-ergic inhibitory interneurons, and the latter presynaptically inhibit the myotatic reflex (axonoaxonal inhibition). The inhibitory function of inter- 
THALAMUS
The thalamus is the most important subcortical centre integrating sensory and motor impulses. It selects sensory signals, modulates and regulates their intensity, and divides them to be sent to their respective areas of the cerebral cortex. The thalamus integrates specific and nonspecific sensory information; the sensory stimuli are supplemented by an emotional component.
The thalamus is a paired bean-shaped structure with six external surfaces. The medial surface of the thalamus is situated next to the third ventricle, while the lateral surface is located next to the internal capsule. The upper thalamic surface constitutes the bottom of the third ventricle, and the lower surface is situated next to the hypothalamus. In the anteroposterior aspect, the thalamus contains a Y-shaped white matter formation called the internal medullary lamina, with its split end in the front. The medullary lamina divides the thalamus into three groups of nuclei: anterior, lateral and medial. The posterior thalamus contains its largest nucleus (pulvinar), which communicates with the lateral (visual pathway) and medial (hearing pathway) genicular bodies. The lateral thalamic group contains anterior, intermediate and posterior nuclei. The lateral thalamic surface is covered by a white matter layer, the external medullary lamina.
The thalamus receives information from all sensory organs, except the olfactory organs. It contains mostly activating glutaminergic neurons (long and middle-long projection neurons) and GABA-ergic short neurons, which form local inhibitory systems.
Thalamic nuclei are classified into specific and nonspecific types. The former transduce information from monomodal receptors, and receive highly structured somatotopic information from afferent pathways. This group includes anterior and lateral nuclei and genicular bodies (transducer nuclei). The most important structures in this group include the posterolateral ventral nuclei, receiving impulses from spinothalamic pathways, and the posteromedial ventral nuclei, receiving information from the trigeminal system.
Nonspecific medial nuclei receive information of various modalities, and project to their respective associated cortical fields. Among these are the reticular and interlaminar nuclei, which are functional parts of the reticular system. Reticular nuclei correspond to the lateral surface of the thalamus, situated next to the internal capsule, and receive mostly pain signals, which are projected to other thalamic nuclei. Interlaminar nuclei, another group of nonspecific thalamic nuclei, are situated inside the medullary lamina and control afferent pathways. They receive information from the reticular nuclei and subcortical centres, projecting to the cerebral cortex and creating a diffuse thalamocortical network. Thalamic projection plays a crucial role in generating the state of brain arousal. Reticular and interlaminar thalamic nuclei belong to the ascending reticular system and participate in signal transduction from the thalamus to the cortex. They interact with thalamic transducer neurons, which transmit specific information to the cerebral cortex. Exemplary transducer neurons are neurons (III) of the lateral spinothalamic pathway, situated in the posterolateral ventral nucleus and transmitting pain and touch signals as well as neurons of the trigeminal system, located in the posteromedial ventral nucleus. Reticular nuclei affect other nuclei in the thalamus, including transducer nuclei, and gate signal transmission between the thalamus and cerebral cortex.
Thalamic transducing nuclei have two opposing basic functional states. The first one is represented by a readiness to transmit signals (neurons close to the threshold potential), whereas the other state is characterised by an inability to transmit signals (hyperpolarisation of neurons). Transition between these states depends on the activity of thalamic reticular nuclei, which excite GABA-ergic inhibitory neurons, cause hyperpolarisation of transducer neurons, and thus block transmission to the cerebral cortex [21, 22] . Hyperpolarisation of specific thalamic transducer nuclei causes functional blockage of the cerebral cortex, which no longer can receive information from lower levels of the nervous system. Hyperpolarised transducer thalamic neurons demonstrate a highly synchronised spike activity.
Cholinergic pontine and forebrain neurons restore cortical ability to receive information directly by activating transducer neurons in the thalamus, and indirectly by inhibiting neurons in the reticular nuclei. This mechanism of cholinergic neuron inhibition of nonspecific reticular nuclei in the thalamus gives the ground to desynchronised EEG activity of the cerebral cortex (Fig. 2) .
Both functional states of transducer neurons in the thalamus are reflected on the EEG. Gating sensory information (hyperpolarisation of transducer neurons) causes short spikes (slow waves of high amplitude and low frequency), resulting in synchronised EEG activity. This occurs when rhythmical functional potentials in thalamic nuclei and cortical oscillations are synchronised. These phenomena are reflected by the presence of delta waves, demonstrating synchronisation of cortical and thalamic oscillations, with no interference from the peripheral nervous system. Delta waves occur when cortical and thalamic oscillations are fused. Slow cortical oscillations (<1 Hz) play a role in organising, starting and grouping of other oscillations, including those from the thalamus. Frequencies of thalamic and cortical oscillations are similar (1−4 Hz), therefore no interference with activity of cortical neurons occurs. Presence of delta waves indicates that the thalamus does not transduce information from sensory organs to the cerebral cortex (sensory deprivation of the cerebral cortex).
A state of thalamic functional capability to transduce signals (potential close to the threshold level) is represented by asynchronous waves of low amplitude and high frequency (β and α waves). This means that cortical and thalamic oscillations are not synchronised. Cholinergic transmission plays a major role in cerebral cortex activation by neurons from the posterior midbrain and anterior pons (pedunculopontine and ventrolateral tegmental nuclei) [21−25] . A minor population of cholinergic cells can be found in the basal forebrain, the anterior part of the septum, and mainly in the so-called Meynert nucleus (nucleus basalis, NB). The Meynert nucleus has a direct projection to all regions of the cortex and thalamus and is a functional rather than an anatomical unit. It contains Ach 4 neurons, dispersed in the hypothalamus, globuspallidus, internal capsule and preoptic area. Increased activity of the cholinergic neurons of the NB has the same effect as stimulation of the cholinergic neurons of the pons and midbrain. These can activate the cortex in two ways, similarly to pontine cholinergic neurons, by inhibition of GABA-ergic inhibitory neurons in the reticular nuclei of the thalamus. Cholinergic neurons Ach 5 and Ach 6 of the pons and midbrain have a greater stimulatory effect on the cortex via the dorsal pathway. Cholinergic neurons are most active during states of wakefulness and REM sleep (paradoxical, desynchronised sleep).
